Background: Myofibroblasts have heightened expression of contractile genes and drive extracellular matrix formation during pulmonary fibrosis. Results: Enhanced fibronectin assembly by myofibroblasts requires smooth muscle ␣-actin expression. Conclusion: This study demonstrates a linkage between contractile gene expression and increased assembly of fibronectin fibrils by myofibroblasts. Significance: Targeting contractile gene expression in myofibroblasts may attenuate fibronectin matrix formation during fibrosis. . 3 The abbreviations used are: ECM, extracellular matrix; 488-FN, Alexa488-labeled fibronectin; ␣-SMA, smooth muscle ␣-actin; DOC, deoxycholate; FN, fibronectin; HLF, human lung fibroblasts; MKL1, megakaryoblastic leukemia-1; SRF, serum response factor; MLC, myosin light chain; FUD, functional upstream domain; RT, room temperature; ROCK, Rho kinase.
Myofibroblasts have increased expression of contractile proteins and display augmented contractility. It is not known if the augmented contractile gene expression characterizing the myofibroblast phenotype impacts its intrinsic ability to assemble fibronectin (FN) and extracellular matrix. In this study we investigated whether myofibroblasts displayed increased rates of FN fibril assembly when compared with their undifferentiated counterparts. Freshly plated myofibroblasts assemble exogenous FN (488-FN) into a fibrillar matrix more rapidly than fibroblasts that have not undergone myofibroblast differentiation. The augmented rate of FN matrix formation by myofibroblasts was dependent on intact Rho/Rho kinase (ROCK) and myosin signals inasmuch as treatment with Y27632 or blebbistatin attenuated 488-FN assembly. Inhibiting contractile gene expression by pharmacologic disruption of the transcription factors megakaryoblastic leukemia-1 (MKL1)/serum response factor (SRF) during myofibroblast differentiation resulted in decreased contractile force generation and attenuated 488-FN incorporation although not FN expression. Furthermore, disruption of the MKL1/SRF target gene, smooth muscle ␣-actin (␣-SMA) via siRNA knockdown resulted in attenuation of 488-FN assembly. In conclusion, this study demonstrates a linkage between increased contractile gene expression, most importantly ␣-SMA, and the intrinsic capacity of myofibroblasts to assemble exogenous FN into fibrillar extracellular matrix.
Idiopathic pulmonary fibrosis is characterized by the elaboration of abundant extracellular matrix (ECM) 3 driven by myo-fibroblasts, specially modified fibroblasts characterized by increased contractile gene expression (1) (2) (3) . A key step in the formation of new ECM is the assembly of a fibrillar fibronectin (FN) matrix, which serves as a scaffold for the binding of collagens and other extracellular matrix proteins (4 -6) . The assembly of a fibrillar FN matrix by fibroblasts is a cell-mediated process (7, 8) that is dependent on the binding of FN dimers to ␣ 5 ␤ 1 integrins and tension-mediated unfolding and assembly of FN molecules into fibrils (9) . Individual cell types can demonstrate a differential intrinsic capacity to form fibrillar FN matrix (10) . In response to transforming growth factor-␤ (TGF-␤), fibroblasts differentiate to myofibroblasts and display increased expression and secretion of FN (11) . In granulation tissue and fibrotic lung from patients with idiopathic pulmonary fibrosis, myofibroblasts are found in association with a dense fibronectin matrix (12, 13) . Despite their association with abundant ECM in wound healing and fibrotic disorders, until now it has not been known if myofibroblasts exhibit an intrinsic capacity to more rapidly assemble a fibrillar FN matrix. In this study, we observed that human lung myofibroblasts assemble exogenous FN into a fibrillar FN matrix more rapidly than their undifferentiated counterparts independent of their expression of FN. We further observed that the increased contractile gene expression characterizing myofibroblasts is required for this effect. These findings establish a relationship between heightened contractile gene expression in myofibroblasts and ECM deposition and remodeling in fibrotic disorders of the lung.
EXPERIMENTAL PROCEDURES
Isolation and Primary Culture of Human Pulmonary Fibroblasts-Human lung fibroblasts (HLF) from normal lung were isolated as described previously (14 -16) . De-identified tissue samples were obtained from thoracic surgical resection specimens obtained by the Carbone Cancer Center Transla-tional Science BioCore at the University of Wisconsin-Madison, under Institutional Review Board approval #2011-0840. Histologic assessment of the lung specimen was performed to ensure normal lung tissue architecture and the absence of occult disease. Tissue specimens were placed in DMEM with 100 units/ml streptomycin, 250 ng/ml amphotericin B, 100 units/ml penicillin, and 10 g/ml ciprofloxacin. Alveolated lung tissue was minced, washed in PBS, and plated onto 10-cm plates in growth medium containing DMEM supplemented with 10% FBS, 2 mM L-glutamine, and antibiotics as above. Expanded populations of fibroblasts were subsequently subcultured after 4 -5 days, resulting in the development of a homogenous fibroblast population. All primary cultures were used from passages 5-10 and maintained on tissue culture plastic until the time of experiments.
To differentiate fibroblasts into myofibroblasts, HLF were subcultured by plating on tissue culture plastic at 1 ϫ 10 5 cells/ml followed by culture in growth media (containing 10% FBS, as above) for 24 h. Cells were then serum-starved for 24 h in DMEM supplemented with 0.1% BSA and 2 mM L-glutamine followed by treatment with 1 ng/ml TGF-␤1 (TGF-␤) in starvation media for 72 h or 1 M colchicine in starvation media for 24 h.
Reagents-TGF-␤, Y27632, and colchicine were from EMD Biosciences (616455, 688000, 234115; Gibbstown, NJ). CCG-1423 and Blebbistatin were from Cayman Chemical (10010350, 13186; Ann Arbor, MI). Cycloheximide was from Sigma (C7698). Mouse monoclonal antibodies against ␣-tubulin, ␤-actin, smooth muscle-␣-actin (␣-SMA), and vimentin was from Sigma (T6793, A1978, A5228, V6630). Rabbit polyclonal antibody against total FN was from Abcam (ab2413; Cambridge, MA). Mouse monoclonal antibody against the EDA (extra type III domain A) region of FN (IST-9) was from Abcam (ab6328). Rabbit polyclonal against collagen I was from Cedar Lane (CL50111AP, Burlington, NC). Mouse monoclonal antibody against ␤1-integrin was from BD Biosciences (610468). Mouse monoclonal antibody against GAPDH and rabbit polyclonal antibody against cofilin were from Santa Cruz Biotechnology (sc-32233, sc-33779, Santa Cruz, CA). Rabbit monoclonal antibodies against phospho-cofilin and myosin light chain 2 (MLC) as well as mouse monoclonal antibody against phospho-MLC were from Cell Signaling (3313, 8505, 3675; Beverly, MA). DAPI (4Ј,6-diamidino-2-phenylindole) was from Sigma (D9542). HiLyte Fluor 488 labeled FN (FN-488) was from Cytoskeleton Inc. (FNR02; Denver, CO). Secondary rhodamine-and fluorescein-conjugated antibodies were from Pierce (31686, 31569 Thermo Fisher Scientific, Rockford, IL). A 56-residue functional upstream domain (FUD) of the F1 adhesin of Streptococcus pyogenes and its D29 peptide control were kind gifts from Dr. Deane Mosher and were described previously (17, 18) . The firefly luciferase reporter driven by two copies of CArG elements (SRF-Luc) was used previously (16) . The firefly luciferase reporter driven by four copies of Smad binding elements (SBE-Luc) was provided by Dr. Bert Vogelstein and was used previously (16) . The thymidine kinase promoter (TK)-driven Renilla luciferase was from Promega (Madison, WI). p3xFLAG-MKL1 was a gift from Ron Prywes (Addgene plasmid #11978) and has been described previously (19) .
Whole Cell Lysis and Western Blotting-After stimulation of quiescent cells (1 ϫ 10 5 per ml) with the desired agonists, cells were lysed in radioimmune precipitation assay buffer containing 25 mM HEPES (pH 7.5), 150 mM NaCl, 1% Triton X-100, 0.1% SDS, 2 mM EDTA, 2 mM EGTA, 10% glycerol, 1 mM NaF, 200 M sodium orthovanadate, and protease inhibitor mixture (Sigma). Cells were scraped, sonicated for 5 s, and boiled in Laemmli buffer for 5 min. The samples were subjected to polyacrylamide gel electrophoresis followed by Western blotting with the desired primary antibodies and corresponding HRPconjugated secondary antibodies and developed by ECL reaction (Pierce). Digital chemiluminescent images were taken by a GE LAS4000 chemiluminescence imager. Densitometry of selected blots was performed using ImageGuage software (GE Healthcare) or ImageJ (20) .
Deoxycholate (DOC) Extraction-Human lung fibroblasts (1 ϫ 10 5 per ml) were plated for 24 h in growth medium. Cells were then starved for 24 h in starvation medium and treated with TGF-␤ (1 ng/ml) for the desired times. Monolayers were washed twice with PBS and scraped into 2% DOC in TBS, 2 mM EDTA, 2 mM PMSF, and protease inhibitors in Complete-EDTA-free mixture (Pierce). Extracts were centrifuged at 21,100 ϫ g for 15 min at 4°C. DOC-soluble material was removed, and SDS-PAGE sample buffer (0.5 M Tris (pH 6.8), 2% SDS, 10% glycerol, ␤-mercaptoethanol, and 10 mM DTT) was added to these lysates, which were then saved (DOC-soluble lysates). DOC-insoluble material was resuspended in solubilization buffer (1% SDS in TBS, 2 mM EDTA, 2 mM PMSF, and protease inhibitors) and treated with sample buffer as described above. All samples were boiled for 5 min before Western blot analysis.
Gel Contraction Assay-Fibroblasts were trypsinized and seeded in a 4-mg/ml rat-tail collagen solution (BD Biosciences) at a density of 3 ϫ 10 5 per ml in a 12-well plate (triplicates for each condition). Gels were allowed to solidify and were then released from the plate and allowed to contract in starvation medium for up to 48 h. Reduction of gel diameter was calculated in each condition using ImageJ.
siRNA Knockdown Assays-Cells were plated at 5 ϫ 10 4 cells/ml 24 h before transfection, reaching 70 -80% confluency at the time of transfection. siRNA (Qiagen, Valencia, CA) was transfected using RNAiMAX transfection reagent (13778, Life Technologies) diluted in Opti-MEM (31985062, Gibco Life Technologies) with 1 l of RNAiMAX per 10 pmol of siRNA according to the manufacturer's instructions. 35 pmol of siRNA was used per well of a 12-well plate and 90 pmol per well for a 6-well plate. Cells were incubated for 24 h and then serumstarved, stimulated, or analyzed as required.
siRNA Sequences-Sequences were: Qiagen Allstars negative control (scrambled) siRNA (1027280), ␤-actin siRNA target sequence CGCCGCGCTCGTCGTCGACAA (SI03193946), and ␣-SMA siRNA target sequence TACGAGTTGCCT-GATGGGCAA (SI00291340).
Reverse Transcription Quantitative Real Time PCR-Real time PCR was carried out as previously described (14) . Briefly, total RNA was harvested, and 1 g of total RNA was used as a template for random-primed reverse transcription using an iScript cDNA synthesis kit (1708891, Bio-Rad). Real time PCR analysis was performed using iTaq SYBR Green supermix with ROX (1725120, Bio-Rad) in an ABI 7500 multicolor real time PCR detection system (Applied Biosystems). PCR primers for ␤-actin were CTCACCATGGATGATGATATCGC (forward) and AGGAATCCTTCTGACCCATGC (reverse).
Immunofluorescent Staining-HLF treated with the desired conditions were plated into 8-well chamber -slides (Ibidi, Munich, Germany) at 2 ϫ 10 5 per ml and allowed to adhere for 6 h. Cells were then washed twice with TBS, fixed with 4% paraformaldehyde, TBS for 30 min at room temperature (RT), and permeabilized with 0.2% Triton X-100, TBS for 5 min at RT. Cells were then blocked with 10% normal goat serum, 1% BSA in TBS for 1 h at RT and incubated overnight with the desired primary antibody at 4°C. Cells were washed with TBS and incubated with the corresponding rhodamine-or fluorescein (FITC)-conjugated secondary antibody for 75 min at 37°C, washed, incubated with DAPI/TBS (0.42 g/ml) for 10 min at RT, washed, and mounted using Ibidi mounting media. Immunofluorescent images were obtained using an Olympus 1X71 fluorescent microscope and Q imaging Retiga 2000R camera.
Fibronectin Assembly Assay-We utilized an assay based upon those previously described (21) (22) (23) . Briefly, pre-differentiated HLF were plated into 8-well chamber -slides at 2 ϫ 10 5 cells/ml and allowed to adhere for 6 h 37°C 5% CO 2 in the presence of 10 M cycloheximide. The medium was changed, and FN-488 was added to each well to achieve a final concentration of 4 g/ml followed by incubation for the desired time points at 37°C 5% CO 2 . The cells were then washed twice with TBS, fixed with 4% paraformaldehyde/TBS for 30 min at RT, and incubated with DAPI/TBS (as in immunofluorescent staining methods). Images were obtained using an Olympus 1X71 fluorescent microscope and Q imaging Retiga 2000R camera. For quantitation, 5 images at 10ϫ magnification were taken per well using identical exposure times and thresholds. ImageJ was used to measure integrated density.
DNA Transfection and Luciferase Reporter Assay-HLF were plated at 5 ϫ 10 4 cells/ml and incubated overnight in growth medium. Transient DNA transfections were performed using GenJet reagent (SL100488, SignaGen Laboratories, Gaithersburg, MD) following the standard manufacturer's instructions. Cells were cotransfected with 300 ng of desired firefly luciferase reporter plasmid, 200 ng of constitutively active thymidine kinase promoter-Renilla luciferase reporter plasmid, and either 500 ng of pcDNA3.1 or 500 ng of p3xFLAG-MKL1. Cells were placed in growth media overnight and then serum-starved for 24 h followed by stimulation with the desired agonists for the desired time points as indicated in the figure legends. Cells were then washed with PBS and lysed in protein extraction reagent (78501, Thermo Fisher Scientific). The lysates were assayed for firefly and Renilla luciferase activity using the Dual-luciferase assay kit (E1960, Promega). To account for differences in transfection efficiency, firefly luciferase activity of each sample was normalized to Renilla luciferase activity.
Statistical Analysis-All the data represent the results of at least three independent experiments. Quantitative data were analyzed by Student's t test when sole comparisons were made within each experiment. When multiple comparisons were made within the same data set, Bonferroni correction was uti-lized. A total false positive discovery rate of 0.05 was utilized for each experiment. Thus for each experiment, p Յ 0.05/n, where n ϭ number of planned comparisons within each experiment. However, under treatment with TGF-␤ and in parallel with the acquisition of a myofibroblast phenotype (as assessed by ␣-SMA expression), there is an acceleration in the rate of formation of a DOC-insoluble FN and collagen matrix ( Fig. 1, A,  right panel, and B) . One potential explanation for this observation is that the formation of FN and collagen matrix becomes increasingly efficient in association with myofibroblast differentiation. Although collagen has an intrinsic ability to self-assemble, the formation of a FN matrix is a stepwise, cell-dependent process (8), meaning that cell-intrinsic differences in the MARCH 13, 2015 • VOLUME 290 • NUMBER 11 rate of FN assembly could impact ECM formation. Furthermore, the incorporation of collagen into the ECM requires the assembly of a FN matrix (4, 24) with the implication that changes in FN assembly rate may impact the formation of collagen matrix. Indeed, incubation with a 56-residue functional upstream domain of S. pyogenes F1 adhesin (FUD), which interacts with FN and prevents its assembly into fibrils (18) , inhibited the formation of DOC-insoluble FN matrix in both TGFtreated and untreated HLF (Fig. 1C ). Importantly, FUD had no effect on the amount of soluble FN or collagen available for matrix deposition (Fig. 1C, left panel) . This demonstrates the dependence of collagen matrix formation on assembly of fibrillar FN matrix by HLF (Fig. 1C ), consistent with previous reports establishing the requirement of FN matrix assembly for collagen deposition (4) . These data show that in HLF the expression of collagen is not sufficient to drive the formation of collagen matrix. Rather, deposition of collagen into the matrix can be limited by the cell-dependent assembly of a fibrillar FN matrix. In light of this we hypothesized that myofibroblasts may have intrinsic differences in their capacity to form a fibrillar FN matrix compared with undifferentiated fibroblasts, thereby impacting the formation of a mature collagen-containing ECM.
RESULTS

Collagen Matrix Formation by Myofibroblasts Is Dependent on the Assembly of a FN Matrix-HLF
Fibronectin Assembly by Lung Myofibroblasts
Myofibroblasts Assemble a Fibrillar FN Matrix More Rapidly Than Undifferentiated Fibroblasts, Independent of Endogenous FN Expression-We hypothesized that upon their differentiation to myofibroblasts, cells may be able to more rapidly assemble a fibrillar FN matrix, which could account for the accelerated formation of FN and collagen matrix over time in response to TGF-␤ shown in Fig. 1 . To study the intrinsic ability of myofibroblasts to form a fibrillar FN matrix compared with their undifferentiated counterparts, we utilized an assay that allowed for direct assessment of the rate of FN assembly independent of cell-derived expression of FN. To do so, differentiated or undifferentiated cells were plated in the presence of cycloheximide to inhibit endogenous FN expression. After attachment and spreading, cells were incubated with Alexa488-labeled fulllength FN (488-FN) for desired lengths of time followed by imaging, consistent with previously reported methodology (25, 26) . Two separate models of myofibroblast differentiation were assessed. First, we utilized a prolonged exposure (72 h) of primary HLF to 1 ng/ml TGF-␤ to induce changes in morphology and gene expression that are consistent with a myofibroblast phenotype (15, 27) , as in Fig. 1 . Differentiated cells were then trypsinized and replated in the presence (or absence) of cycloheximide. Cells were then allowed to attach and spread for 6 h. After re-plating and attachment, cells previously differentiated with TGF-␤ retained increased expression of the myofibroblast marker, ␣-SMA, compared with unstimulated cells (Fig. 2, A  and B) whether they were plated in cycloheximide or not. In contrast, after attachment and spreading in the presence of cycloheximide, neither fibroblasts nor myofibroblasts demonstrated any intracellular ( Fig. 2A) or extracellular FN (Fig. 2C ) consistent with previous observations in this model using cycloheximide to block FN synthesis (26) . ␤1-Integrin expression did not appear to be significantly affected by re-plating cells in the presence of cycloheximide compared with vehicle control.
Next, to examine the cell-intrinsic potential of myofibroblasts to assemble soluble FN into a fibrillar matrix, we utilized a previously validated FN fibrillogenesis assay whereby 4 g/ml Alexa488-labeled full-length FN (488-FN) was introduced into the cell culture media for the desired lengths of time followed by fixation and fluorescence microscopy (see "Experimental Procedures" and Refs. 21-23), Quantification of 488 intensity per cell revealed that myofibroblasts assembled significantly more 488-FN-containing fibrillar matrix than undifferentiated fibroblasts after 1.5 h of incubation with 488-FN. The differ-FIGURE 2. Differentiated myofibroblasts retain their phenotype but lose endogenous FN expression upon re-plating in the presence of cycloheximide. HLF were treated with or without 1 ng/ml TGF-␤ for 72 h to induce a myofibroblast phenotype. After differentiation, cells were then trypsinized and re-plated in the presence or absence of 10 M cycloheximide. A, after 6 h of attachment, cells were lysed with radioimmune precipitation lysate and subjected to PAGE and immunoblotting with the indicated antibodies. B and C, fibroblasts (untreated) or myofibroblasts (treated with TGF-␤ for 72 h) were trypsinized and re-plated in the presence of 10 M cycloheximide and allowed to attach and spread for 6 h. Cells were then fixed, and immunofluorescent staining was performed against ␣-SMA (B) or endogenous FN (C). Cells were counterstained with DAPI (scale bar ϭ 250 m).
ences between the amount of 488-FN incorporated into fibrils by myofibroblasts versus fibroblasts persisted at measured time points up to 24 h of incubation ( Fig. 3, A-C) . Representative images demonstrating increased 488-FN incorporation are shown for the 1.5-and 24-h time points (Fig. 3, B and C, respectively). By 6 h after the addition of 488-FN, a pool of DOC insoluble FN matrix had formed, as shown in Fig. 3D , which is consistent with previous reports (25) . Together, these data reveal that TGF-␤-induced myofibroblasts assemble a mature fibrillar FN matrix more rapidly than undifferentiated myofibroblasts, independent of the expression of endogenous FN.
To determine whether this finding was specific to TGF-␤induced myofibroblasts, we utilized colchicine, a microtubule disruptor that can also induce myofibroblast phenotype with prolonged exposure (16) . We have previously shown that a 24-h exposure to 1 M colchicine strongly induces both morphological and gene expression changes consistent with the myofibroblast phenotype (16) . Here, we found that colchicine exposure stimulates increased expression of ␣-SMA compared with control cells (Fig. 4A ). Furthermore, after inhibiting endogenous FN and adding 488-FN, significantly increased accumulation of 488-FN into fibrils was evident in myofibroblasts differentiated with colchicine compared with unstimulated controls (Fig. 4, B and C). Overall, these results demonstrate that myofibroblasts derived via either method display an increased cell-intrinsic ability to assemble exogenous FN into a fibrillar matrix compared with undifferentiated fibroblasts.
FN Fibril Assembly by myofibroblasts Requires Rho Kinase (ROCK)/Myosin Signals-FN assembly in fibroblasts requires
intact actomyosin signaling via ROCK (28 -30) and myosin (31) . For this reason we explored the role ROCK played in mediating FN assembly by differentiated myofibroblasts. After the induction of myofibroblast differentiation by TGF-␤ (72 h), cells displayed increased levels of phospho-MLC, a downstream target of ROCK via regulation of MLC phosphatase, and phospho-cofilin, a downstream target of ROCK-activated LIM kinase (32) (Fig. 5, A and B) . These results are consistent with our previous studies demonstrating a linear increase in cofilin phosphorylation over time in response to TGF-␤ stimulation (15) . We have also previously shown that myofibroblast differentiation by TGF-␤ requires ROCK1/2, as incubation with the small molecule inhibitor of ROCK1/2, Y27632, just before prolonged TGF-␤ stimulation inhibits the expression of ␣-SMA (Ref. 15 and Fig. 5A ). However, to determine the role of ROCK1/2 on the ability of myofibroblasts to assemble a fibrillar FN matrix, we added Y27632 to cells after they had been fully differentiated with TGF-␤ (72 h) but 0.5 h before incubation with 488-FN. As shown in Fig. 5A , short term incubation with Y27632 (0.5 or 2 h) after 72 h of TGF-␤ stimulation was able to decrease MLC and cofilin phosphorylation in myofibroblasts (Fig. 5, A and B) consistent with attenuation of ROCK1/2 activity. Importantly, short term treatment (0.5 or 2 h) did not alter the differentiation state of myofibroblasts, as ␣-SMA expression was unaffected. Incubation of Y27632 0.5 h before a 1.5-h incubation with 488-FN (2 h total) strongly inhibited the ability MARCH 13, 2015 • VOLUME 290 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 6955 of previously differentiated myofibroblasts to form FN fibrils (Fig. 5, C and D) , confirming that differentiated myofibroblasts require intact ROCK signaling to assemble a fibrillar FN matrix. To investigate the contribution of myosin signaling to the augmented FN assembly exhibited by myofibroblasts, we utilized the myosin II inhibitor, blebbistatin. Pretreatment of previously differentiated myofibroblasts with blebbistatin 0.5 h before a 1.5-h 488-FN incubation (2 h total) prevented increased incorporation of 488-FN (Fig. 5, C and D) , similar to the effects with Y27632. Importantly, treatment with blebbistatin did not affect ROCK activity (assessed by MLC and cofilin phosphorylation) (Fig. 5, A and B) . In total, these observations demonstrate that the augmented assembly of fibrillar FN matrix by myofibroblasts depends on intact myosin signaling. Overall, our results reveal that although myofibroblasts have an increased intrinsic capacity to form a fibrillar FN matrix, both ROCK and myosin signaling remain critical to this process. (33, 34) , which could lead to increased transmission of cell-derived tension to the integrin-bound FN molecule with unfolding and exposure of cryptic FN binding sites (28) , thereby increasing the assembly rate of FN. Our laboratory has previously shown that myofibroblast differentiation by TGF-␤ or colchicine is controlled by the transcription factors megakaryoblastic leukemia-1 (MKL1) and serum response factor (SRF) (14 -16), which control the expression of smooth muscle contractile genes (35, 36) . In light of these observations, we hypothesized that MKL1/SRF-dependent gene expression was critical for enabling a hypercontractile phenotype during myofibroblast differentiation and that loss of MKL1/SRF may impair the ability of myofibroblasts to efficiently assemble a fibrillar FN matrix. To investigate this possibility, we utilized the small molecule inhibitor of MKL1/SRF, CCG-1423, which acts via masking the nuclear localization signal of MKL1, disrupting its interaction with importins and inhibiting its ability to translocate to the nucleus and activate SRF (37) . In HLF, CCG-1423 significantly attenuated the ability of exogenously expressed MKL1 to transactivate a luciferase reporter driven by the SRF binding element, CArG box (Fig. 6A) . The degree of MKL1 inhibition by CCG-1423 in HLF was similar to the original report in HEK293 cells (38) . In contrast, there was no effect of CCG-1423 on Smad-dependent signaling driven by TGF-␤ (Fig. 6B) . HLF differentiated by TGF-␤ treatment for 72 h (myofibroblasts) demonstrate increased contractility of collagen gels compared with controls ( Fig. 6, C and D) . In contrast, cells treated with CCG-1423 for the duration of treatment with TGF-␤ showed attenuated collagen gel contraction compared with cells treated with TGF-␤ alone (Fig. 6, C, last well, and D) . Overall, these results show that MKL1/SRF-dependent gene expression is required for the development of a contractile phenotype in myofibroblasts.
Fibronectin Assembly by Lung Myofibroblasts
FN Fibril Assembly by Myofibroblasts Requires Contractile Gene Expression-Myofibroblasts exert increased cell-derived force on the ECM
We then asked whether loss of MKL1/SRF affected FN assembly during myofibroblast differentiation. To assess the incorporation of unlabeled, endogenously expressed FN, we used extraction with DOC to isolate matrix-bound FN as pre- In one condition, 10 M Y27632 was added during the differentiation phase (0.5 h before treatment with TGF-␤, 72.5 h total). Whole cell lysates were then subjected to PAGE followed by immunoblotting with the indicated antibodies. B, phospho-cofilin/GAPDH and phospho-MLC/GAPDH signals were quantified using ImageQuant software and normalized to TGF-␤-stimulated controls. Student's t test with Bonferroni correction (n ϭ 2, thus *, p Ͻ 0.025) was used for statistical analysis. C, cells were differentiated in the presence or absence of 1 ng/ml TGF-␤ for 72 h followed by re-plating as in Fig. 3 . After 6 h of attachment, inhibitors were added for 0.5 h, and then cells were incubated with 4 g/ml 488-FN for 1.5 h, fixed, and counterstained with DAPI. Quantification of the 488-FN incorporation was then performed using ImageJ. Student's t test with Bonferroni correction (n ϭ 2, thus *, p Ͻ 0.025) was used for statistical analysis. D, representative images from the 1.5-h incubation with 488-FN (scale bar ϭ 250 M).
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6956 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 290 • NUMBER 11 • MARCH 13, 2015 viously (10). Identical aliquots were reduced in the presence of dithiothreitol to dissociate multimerized FN and identify monomeric FN in subsequent Western blots without the worry of inefficient transfer of the multimers. These assays showed a decrease in TGF-␤ induction of DOC-insoluble monomeric FN by CCG-1423 ( Fig. 7A, right panel ) with no effect on TGF-␤induced increases in DOC-soluble FN (Fig. 7A, left panel) . Again, this effect appeared to be independent of FN expression, as fibroblasts treated with TGF-␤ in the presence of CCG-1423 expressed the same amount of endogenous total FN or extratype III domain A containing FN (EDA-FN) as TGF-␤ treated fibroblasts alone (Fig. 7B) . In contrast, CCG-1423 inhibited ␣-SMA induction compared with controls ( Fig. 7B) , consistent with our previous findings (14) . To determine the effect of loss of MKL1-dependent gene expression on exogenous FN incorporation, we again utilized the 488-FN incorporation assay. HLF were treated with TGF-␤ for 72 h in the presence of CCG-1423 or vehicle control. HLF that were differentiated in the presence of CCG-1423 had attenuated levels of FN incorporation after 1.5 h (Fig. 7, C and D) . This effect does not appear to be an off-target effect of CCG-1423, as short term treatment (2 h) of previously differentiated myofibroblasts with CCG-1423 did not result in an altered rate of FN assembly (Fig. 7, E and F) . Altogether, these data suggest that although MKL1/SRF does not impact FN expression in response to TGF-␤, efficient incorporation of FN into a fibrillar matrix by myofibroblasts requires that MKL1/SRF-dependent contractile genes be present.
␣-SMA is a key MKL1/SRF-dependent contractile gene that is up-regulated in myofibroblasts (27) . The significant induction in contractile force generation seen during myofibroblast differentiation parallels with, and is dependent upon, the expression of ␣-SMA (33) . Thus, we hypothesized that the expression of ␣-SMA could be critical in facilitating the accelerated assembly of a FN matrix by myofibroblasts and partially account for the loss of FN matrix formation upon inhibition of MKL1/SRF gene expression with CCG-1423 ( Fig. 7) . Using an siRNA approach, we were able to efficiently inhibit the induction of ␣-SMA under conditions that promote myofibroblast differentiation (72 h TGF-␤ treatment) ( Fig. 8A) . By immunofluorescent staining, Ͼ60% of cells transfected with an siRNA targeted against ␣-SMA had no detectable staining (Fig. 8B) , whereas the remainder had little staining, consistent with the near total loss of ␣-SMA expression seen by Western blotting (Fig. 8A) . We utilized siRNA-mediated knockdown of the ␤-isoform of actin as a control, which resulted in efficient knockdown of RNA levels (Fig. 8C ). However, due to abundant basal ␤-actin expression in HLF and the stability of ␤-actin, protein levels were reduced by Ͻ50% compared with untransfected controls (Fig. 8A ). After transfection, and upon re-plating, cells targeted with the siRNA against ␣-SMA maintained differences in ␣-SMA expression ( Fig. 8D ). Knockdown of ␣-SMA resulted in attenuated FN assembly compared with scrambled siRNA control or ␤-actin knockdown (Fig. 8, E and  F) . Overall, these findings allow us to conclude that ␣-SMA expression is required to facilitate the accelerated formation of FN matrix by myofibroblasts. FIGURE 6. MKL1/SRF is required for maintenance of the contractile phenotype. A, HLF were co-transfected with cDNAs for the SRF firefly luciferase reporter, SRE.L, Renilla luciferase driven by thymidine kinase promoter, together with either empty vector (pcDNA3.1) or cDNA for full-length MKL1. After transfection, cells were incubated overnight in serum-free media in the presence or absence of 10 M CCG-1423. Luciferase activity was measured as described under "Experimental Procedures." Student's t test (*, p Ͻ 0.05) was used for statistical comparison of vehicle and CCG-treated conditions. B, HLF were co-transfected with cDNAs for Smad-binding element (SBE)-driven firefly luciferase and Renilla luciferase driven by thymidine kinase promoter. After serum starvation, cells were incubated with 10 M CCG-1423 (or vehicle) for 0.5 h followed by stimulation with 1 ng/ml TGF-␤ for 6 h. Cell lysates were run for luciferase activity. Student's t test (p Ͻ0.05) was used for statistical comparison of vehicle and CCG-treated conditions. NS, not significant. C, HLF were treated with 1 ng/ml TGF-␤ for 72 h in the presence of 10 M CCG-1423 or vehicle control. Cells were seeded into collagen gels, released, and observed for contraction. Digital images were taken 48 h after gel release. D, gel areas were quantified from the digital images at each time point using ImageJ. Student's t test (*, p Ͻ 0.05) was used for statistical comparison of TGF-␤ and TGF-␤/CCG groups 48 h post-release.
DISCUSSION
In our studies we have observed that myofibroblasts assemble a fibrillar FN matrix more rapidly than undifferentiated fibroblasts. This finding suggests that upon acquisition of a myofibroblast phenotype, cells obtain an intrinsic ability to increase FN matrix formation independent of their expression of FN. Given that FN assembly is a critical first step for the deposition of other ECM proteins, including collagen (4 -6), it is possible that accelerated FN matrix formation may be a mechanism by which myofibroblasts can increase ECM formation during fibrosis.
During myofibroblast differentiation in response to TGF-␤ there is a marked increase in both the expression of proteins associated with the contractile apparatus (3) and cell contractility (39) . The transcription factors MKL1/SRF regulate the expression of contractile genes (36) and are critical to mediating transition to the myofibroblast phenotype in response to TGF-␤, matrix stiffness, and other profibrotic stimuli, (14 -16, 40 -43) . Our studies demonstrate that although the expression of the TGF-␤-responsive ECM protein FN is not regulated by MKL1/SRF, the assembly and deposition of a fibrillar FN matrix is nonetheless attenuated when MKL1/SRF-dependent gene expression is inhibited with CCG-1423. These results are consistent with the findings of Holtz and Misra, who noted decreased FN within the mesodermal ECM of the developing yolk sac upon conditional deletion of SRF (44) .
The effect of MKL1/SRF inhibition is likely due, in part, to loss of ␣-SMA expression, as we observed that siRNA-mediated knockdown of ␣-SMA also resulted in significant attenuation of fibrillar FN assembly. Although it is also possible that MKL1/ SRF inhibition could lead to loss of other components of the actomyosin filament system leading to attenuated force generation, our previous studies showed that TGF-␤-induced actin stress fiber formation in HLF was preserved in the presence of FIGURE 7 . Fibronectin incorporation in myofibroblasts requires intact MKL1 gene expression. A, HLF were stimulated with 1 ng/ml TGF-␤1 in the presence of 10 M CCG-1423 or vehicle control (added 30 min before stimulation) for 24 h. Cell lysates were separated into DOC-soluble and -insoluble fractions that were then treated with reducing sample buffers. Lysates were then subjected to PAGE on an 8% gel followed by immunoblotting with antibodies against total fibronectin, GAPDH, and vimentin. Fibronectin antibodies detect two predominant isoforms of fibronectin that are resolvable on 8% gels. B, cells were stimulated with 1 ng/ml TGF-␤ in the presence or absence of 10 M CCG-1423 (added 30 min before stimulation) for 24 h. Whole cell lysates (in radioimmune precipitation assay buffer) were analyzed by PAGE on a 10% gel followed by immunoblotting with the indicated. C, HLF were stimulated with 1 ng/ml TGF-␤ for 72 h in the presence of 10 M CCG-1423 or vehicle control (added 30 min before stimulation). After differentiation, cells were re-plated in the presence of cycloheximide and allowed to adhere for 6 h (as in Figs. 2 and 3 ). 488-FN at 4 g/ml was then added for 1.5 h followed by fixation and co-staining with DAPI (scale bar ϭ 125 M). D, quantitation of 488-FN incorporation using ImageJ. Student's t test (*, p Ͻ 0.05) was used for statistical analysis. E, HLF were differentiated with 1 ng/ml TGF-␤ for 72 h followed by re-plating and a 6-h attachment as above. After attachment, cells were then incubated with 10 M CCG-1423 or vehicle control 30 min before the addition of 488-FN. Incubation with 4 g/ml 488-FN for 1.5 h was followed by fixation and counterstained with DAPI (scale bar ϭ 60 m). F, quantification of 488-FN incorporation was done using ImageJ. Student's t test (p Ͻ 0.05) was used for statistical analysis. NS, not significant. CCG-1423 (15) . Thus, the critical role that ␣-SMA plays in mediating increased force generation (33, 45) suggests that it is an indispensable part of the set of MKL1/SRF-dependent genes that potentiate myofibroblast contractile force generation and FN assembly by myofibroblasts. Overall, our findings suggest that increased contractile gene expression chronically modifies the fibroblasts' potential for assembling FN, linking the hypercontractile features of the myofibroblast with accelerated ECM formation.
Fibronectin Assembly by Lung Myofibroblasts
The mechanism by which increased ␣-SMA expression affects fibrillar FN assembly is likely via modulation of maximal force generation, as ␣-SMA has an essential role in facilitating Smooth muscle ␣-actin expression is required for fibronectin assembly by myofibroblasts. HLF were transfected with scrambled siRNA, siRNA against ␤-actin, or siRNA against ␣-SMA and then treated with 1 ng/ml TGF-␤ for 72 h. A, cell lysates were subjected to PAGE and immunoblotting for the indicated antibodies. B, HLF treated as above were also fixed and stained for ␣-SMA and DAPI. ␣-SMA-positive cells were manually counted for 10 high power fields for the indicated conditions. C, HLF were transfected with siRNA against ␤-actin or controls as indicated. Lysates were analyzed for ␤-actin mRNA expression using quantitative real time PCR. D and E, HLF transfected with scrambled siRNA, siRNA against ␤-actin, or siRNA against ␣-SMA and then treated with 1 ng/ml TGF-␤ for 72 h were re-plated and allowed to attach for 6 h in the presence of 10 M cycloheximide as in Figs. 2 and 3 . Cells were then either fixed and co-stained for ␣-SMA (scale bar ϭ 250 M) (D) or incubated with 4 g/ml 488-FN for 1.5 h (E) followed by fixation and imaging. F, quantification of 488-FN assembly using ImageJ. Student's t test (*, p Ͻ 0.05) was used for statistical analysis. MARCH 13, 2015 • VOLUME 290 • NUMBER 11 JOURNAL OF BIOLOGICAL CHEMISTRY 6959 markedly increased contractile force generation and focal adhesion complex enlargement in myofibroblasts (33, 46) . Transmission of cell-derived force to the FN molecule is thought to unwind the FN molecule, promoting fibrillogenesis via the unfolding and exposure of tension-sensitive FN binding sites (9) . Activity of the small GTPase RhoA (28) and associated kinases, ROCK1 and ROCK2 (29) , has been implicated in transient induction of force transmission to the FN molecule via the actin cytoskeleton and associated FN-binding focal adhesion complex. Increased ␣-SMA expression may lead to similar effects. Although this explanation may be the most straightforward, alternative mechanisms accounting for the increase in FN assembly could be at play. It is possible that the expression of ␣-SMA results in the reorganization of FN-binding focal adhesions, thereby increasing cell surface binding sites. Likewise, our studies have only tested two methods of inducing the myofibroblast phenotype, TGF-␤ and colchicine. It remains to be seen if this finding is preserved in myofibroblasts induced by matrix stiffness or via other agonists.
Given the role of FN matrix in serving as a template for subsequent deposition of other ECM proteins, it is tempting to speculate that interference with the contractile function of myofibroblasts may be a potential therapeutic option for fibrosis. Preliminary studies looking at interruption of Rho-dependent signaling have been performed, with evidence of a beneficial effect in a murine model of pulmonary fibrosis (47, 48) . Additionally, recent reports have shown that inhibiting FN assembly can inhibit vascular remodeling and attenuate hepatic fibrosis (24, 49) , suggesting that the regulation of this intrinsic cell function may hold promise for fibrosing disorders. Experiments assessing these possibilities are ongoing in our laboratory.
